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•  A  novel  anode  is  fabricated  based  on 
stainless  steel  fiber  felt. 

•  The  modified  SSFFs  as  anodes  greatly 
decrease  MFCs’  internal  resistance. 

•  Metallic  backbones  combined  with 
carbon  nanoparticles  are  promising 
for  anode  design. 
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The  three-dimensional  (3D)  macroporous  anodes  were  constructed  by  coating  carbon  nanoparticles 
(graphene,  carbon  nanotube,  or  activated  carbon)  on  stainless  steel  fiber  felts  (SSFFs)  that  have  an  open, 
solid  and  macroporous  structure.  These  modified  electrodes  provided  large  surface  area  for  reaction, 
interfacial  transport  and  biocompatible  interface  available  for  bacterial  colonization  and  substrate 
transport.  Graphene  modified  anode  delivered  a  maximum  power  density  of  2142  mW  m-2  at  a  current 
density  of  6.1  A  m-2  in  MFC,  greatly  improved  the  performance  of  MFC  compared  with  the  unmodified 
SSFF-MFC.  Electrochemical  impedance  spectroscopy  (EIS)  measurements  together  with  the  polarization 
curves  demonstrated  that  carbon  nanoparticles  modified  anodes  could  greatly  decrease  MFCs’  internal 
resistance.  Our  experimental  results  also  proved  that  embedding  carbon  nanoparticles  into  3D  macro¬ 
porous  metallic  scaffold  is  a  promising  method  for  MFC  anode  fabrication. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Microbial  fuel  cells  (MFCs)  can  generate  electrical  power  directly 
utilizing  the  metabolism  of  microorganisms,  and  are  a  promising 
approach  for  simultaneous  wastewater  treatment  and  energy  re¬ 
covery  [1].  However,  the  relatively  low  power  density  of  MFCs  re¬ 
mains  one  of  the  main  obstacles  for  their  practical  applications.  The 
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total  energy  loss  in  the  MFC  system  can  be  understood  from  the 
Voltage  equation,  V  —  ^ohmic- ^act— ^conc.*  in  which  ljact»  ?7ohmic 

and  rjconc  are  voltage  losses  due  to  ohmic  polarization,  reaction 
kinetics  and  mass  transport,  respectively  [2  .  The  poor  kinetics  of 
the  electron  transfer  between  the  bacterial  cells  and  anode  coupled 
with  diffusion  limitation  significantly  limits  power  capability  of 
MFCs.  Activated  loss  of  electrode  is  mainly  due  to  the  limited 
reactive  area  and  high  activation  energy  barrier,  and  the  diffusion 
limitation  of  electrode  stems  from  the  flat  structure  and  relatively 
smaller  micropores  of  the  electrodes.  Research  have  showed  that 
activated  loss  and  diffusion  resistance  accounting  for  more  than 
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70%  of  the  total  resistance  of  MFCs  [3,4].  An  effective  way  for 
removing  these  difficulties  is  to  employ  porous  electrodes.  Porous 
materials  can  provide  large  surface  area  for  reaction,  interfacial 
transport,  and  dispersion  of  active  sites  at  different  length  scales  of 
pores  and  shorten  diffusion  paths  or  reduce  diffusion  resistance 
effect  [5]. 

For  the  MFC  anode,  macropore  that  is  larger  than  50  nm  is 
usually  of  better  performance  than  micropore  (<2  nm)  and 
mesopore  (2-50  nm),  this  is  because  that  the  bacterial  size  is  about 
1—2  pm.  Carbon-based  materials  are  the  most  common  anode 
materials  used  in  MFCs  as  they  are  of  good  biocompatibility,  such  as 
carbon  paper,  carbon  cloth  (CC),  flat  graphite  and  so  on.  However, 
considering  practical  and  large-scale  applications,  their  disadvan¬ 
tages  are  fatal,  such  as  low  strength,  high  cost,  low  conductivity  and 
no  macropores.  Without  the  macropores,  the  biofilm  can  only  grow 
on  their  surface  and  is  inaccessible  to  the  interior  of  the  anode,  and 
thus  the  majority  of  the  interior  structure  is  wasted  6].  This  limits 
the  anode  efficiency  seriously.  So  an  open,  robust  three- 
dimensional  (3D)  macroporous  structure  is  desirable  because  it 
enables  bacterial  internal  colonization  and  efficient  substrates 
transport,  thus  enhance  the  electron  transfer  process  [7]. 

To  improve  the  MFC  performance,  various  carbon  nanoparticles 
such  as  graphene  [8,9],  carbon  nanotube  [10],  activated  carbon  [11  ] 
had  been  used  to  modify  the  MFC  electrodes  to  minimize  the  anode 
energy  loss  in  the  system  and  have  significantly  increased  the  MFC 
power  density  output.  Within  this  context,  embedding  nano¬ 
particles  into  structurally  macroporous  scaffold  as  anode  is  of 
special  relevance  for  the  realistic  development  of  MFC  applications, 
because  the  resulted  materials  would  offer  large  contact  area  be¬ 
tween  the  electrolyte  and  the  electrode  and  hence  increase  the 
specific  surface  area  and  reduce  the  electrode  polarization.  Xie  and 
his  coworkers  prepared  graphene-based  sponges  by  the  simple 
impregnation  of  the  3D  architectures  with  graphene  sheets.  Lab- 
scale  MFCs  equipped  with  these  3D  anodes  achieved  higher  volu¬ 
metric  power  densities  and  lower  energy  losses  than  the  traditional 
graphite-based  anodes.  Their  study  showed  that  microbial  biofilms 
wrapped  the  sponge  branches,  but  did  not  clog  the  macroscale 
pores  [8]. 

AISI 316L  stainless  steel  is  a  common  industrial  material  that  has 
high  mechanical  properties  and  long-term  resistance  to  corrosion, 
and  is  commercially  available  in  many  different  compositions  and 
morphologies  [12].  The  benefits  of  using  stainless  steel  are  many, 
such  as  high  conductivity,  low  cost,  high  strength  and  the  ease  of 
incorporating  a  flow  field  [13].  Pocaznoi  et  al.  compared  the  abili¬ 
ties  of  carbon  cloth,  graphite  plate  and  stainless  steel  to  form  mi¬ 
crobial  anodes  and  demonstrated  that  stainless  steel  is  a  promising 
electrode  material  for  MFC  anode  [12].  Herein,  we  introduce  the 
macroporous  AISI  316L  stainless  steel  fiber  felt  (SSFF)  (Fig.  SI  (a)) 
made  from  stainless  steel  fibers  (5-8  pm  in  diameter).  The  stainless 
steel  fiber  felt  has  a  solid  3D  macroporous  structure.  It  remains  the 
most  of  the  excellent  properties  of  stainless  steel  like  high  con¬ 
ductivity,  strong  mechanical  strength  and  high  corrosion  resis¬ 
tance.  Furthermore,  as  it  is  shown  in  Fig.  Sl(b),  its  softness  is 
comparable  with  chemical  fibers  that  is  easy  to  curl  and  suitable  for 
engineering  application. 

With  these  considerations,  in  this  paper,  a  novel  macroporous 
MFC  anode  is  manufactured  from  a  three-dimensional  stainless 
steel  fiber  felt  (SSFF)  that  is  decorated  with  the  conductive  carbon 
nanoparticles  (activated  carbon,  carbon  nanotube,  or  graphene)  by 
a  simple  impregnation  approach.  The  SSFF  can  not  only  serve  as  a 
macroporous  and  highly  conductive  scaffold,  but  also  provide  the 
large  surface  for  nanoparticle  attachment.  The  carbon  nano¬ 
particles  on  the  scaffold  improve  the  biocompatibility  of  the 
stainless  steel  electrode  surface  and  provide  high  specific  surface 
area  for  bacterial  attachment.  The  macroporosity  also  guarantees 


bacterial  internal  colonization  that  could  enhance  electrode  reac¬ 
tion.  Therefore,  carbon  nanoparticles  modified  stainless  steel  fiber 
felt  is  worthy  of  further  investigation  with  a  view  to  fabricating 
microbial  anodes. 

2.  The  experimental 

2.1.  Chemicals  and  materials 

Stainless  steel  fiber  felt  (1  mm  thick)  was  purchased  from  Xi’an 
Filter  Metal  Materials  Co.,  Ltd,  its  mean  pore  size  is  15.7  pm  and  the 
porosity  is  78  ±  5%.  Carboxyl  graphene  and  activated  carbon  were 
provided  by  Nanjing  XFNANO  Materials  Tech  Co.,  Ltd.  Multi-walled 
carbon  nanotubes  (10-20  nm  in  diameter,  5—15  pm  in  length)  were 
produced  by  Shenzhen  Nanotech  Port  Co.,  Ltd.  All  chemicals  used 
were  of  analytical  grade  and  purchased  from  Beijing  Chemical 
Works.  De-ionized  water  was  used  in  all  experiments. 

2.2.  Electrode  fabrication 

The  stainless  steel  fiber  felt  (SSFF)  substrates  were  cut  into 
1.8  cm  x  1.8  cm  pieces,  and  were  soaked  in  acetone  for  3  h  to 
dissolve  the  organic  substances  adsorbed  and  then  rinsed  with  the 
ultrapure  water  before  the  experiments.  Multi-walled  carbon 
nanotubes  were  treated  using  a  3:1  mixture  of  concentrated  H2SO4  / 
HNO3  prior  to  the  experiments  and  then  rinsed  with  the  ultrapure 
water  until  its  pH  value  equals  to  7,  and  finally  dried  at  60  °C. 

To  coat  the  SSFF  with  carboxyl  graphene  (GN),  the  carboxyl 
graphene  was  first  dispersed  in  Nation  solution  (5  wt.%,  DuPont, 
USA)  and  de-ionized  water  by  ultrasonic  treatment.  4.5  pL  of  Nation 
solution  and  0.5  mL  of  de-ionized  water  were  used  for  every  1  mg 
carboxyl  graphene.  Then  the  SSFF  was  immersed  into  the  graphene 
dispersion  for  12  h,  allowing  the  ink  to  enter  the  macroscale  pores 
and  coat  the  graphene  on  the  surface  and  the  inner  fibers  of  the 
SSFF.  The  indicator  for  judging  the  successful  attachment  of  the 
graphene  is  its  color  change  from  silver-grey  to  black.  After  that  it 
was  allowed  to  dry  at  60  °C  to  finish  the  fabrication  of  the  graphene 
modified  electrode  (GN/SSFF).  Activated  carbon  (AC)  and  carbon 
nanotube  (CNT)  modified  stainless  steel  fiber  felts  were  prepared  in 
the  same  way,  then  the  AC/SSFF  and  the  CNT/SSFF  electrodes  were 
obtained.  The  final  loading  of  the  carbon  nanoparticles  was 
8  ±  0.5  mg. 

2.3.  MFC  setup  and  operation 

An  H-shaped  two-chamber  MFC  was  constructed  (6  cm  deep, 
15  cm2  of  the  cross  sectional  area)  for  these  experiments.  The  two 
compartments  were  separated  by  a  cation  exchange  membrane 
(Ultex,  Membranes  International,  Inc.,  USA),  and  the  volume  of  each 
compartment  was  90  mL.  MFC  reactors  were  inoculated  with  a 
mixed  bacterial  culture  from  the  anode  compartment  of  another  H- 
shaped  MFC,  which  was  originally  inoculated  with  domestic 
wastewater  from  Beijing  Gaobeidian  Wastewater  Treatment  Plant 
and  was  operated  for  more  than  half  a  year  utilizing  acetate. 

The  cell  voltage  across  the  external  resistance  (Rex t  =  1000  Q) 
was  recorded  every  30  min  using  a  data  acquisition  system  (Agilent, 
USA).  Four  different  anodes  (SSFF,  AC/SSFF,  CNT/SSFF  and  GN/SSFF) 
were  assembled  in  the  same  four  reactors  and  ran  in  parallel, 
namely  SSFF-MFC,  GN-MFC,  CNT-MFC  and  AC-MFC.  Carbon  felts 
(1  cm  x  2  cm,  Beiing  Sanye  Co.,  Ltd,  China)  were  chosen  as  the 
cathodes  of  these  MFCs.  The  anolyte  consisted  of  1  g  L-1 
CH3COONa,  0.3  g  L-1  NH4C1, 1  g  L-1  NaCl,  0.04  g  L-1  CaCl2-2H20, 
0.3  g  L-1  MgS04,  0.2  g  L"1  NaHC03, 10.7  g  L-1  K2HP04  and  5.3  g  L_1 
KH2P04.  The  cathodic  compartments  of  all  MFCs  were  filled  with 
50  mM  ferricyanide  and  100  mM  phosphate  buffer  solution 
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Fig.  1.  SEM  images  of  the  macroporous  SSFF  and  the  carbon  nanoparticles  modified  SSFFs.  (a)  (b)  SSFF,  (c)  (d)  SSFF  coated  with  activated  carbon,  (e)  (f)  SSFF  coated  with  carbon 
nanotube,  and  (g)  (h)  SSFF  coated  with  carboxyl  graphene. 
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(10.7  g  L-1  I<2HP04>  5.3  g  L_1  KH2P04.  pH  =  6.9)  [10].  The  MFCs  were 
operated  under  the  fed-batch  mode  condition  and  the  anolyte  was 
replaced  after  the  voltage  below  50  mV.  After  6  weeks  operation, 
power  density  curves  and  polarization  curves  were  obtained  by 
changing  the  circuit  external  resistor  from  9999  Q  to  50  Q.  All  ex¬ 
periments  were  carried  out  in  a  33  ±  0.5  °C  incubator  with  a  1000  Q 
external  resistance  connected  unless  otherwise  specified.  The  po¬ 
wer  density  was  normalized  based  on  the  projected  anodic  surface 
area. 

2.4.  Characterization 

Electrochemical  impedance  spectroscopy  (EIS)  was  employed  to 
measure  the  total  internal  resistances  of  the  MFCs,  and  the  mea¬ 
surements  were  conducted  using  the  CHI660D  (CH  Instruments, 
Shanghai)  at  the  working  potential  while  the  MFCs  were  operated 
with  a  constant  external  resistance  (Rext  =  1000  Q).  Two  electrode 
experiments  were  performed  on  the  whole  cell  with  the  anode  as 
the  working  electrode  and  the  cathode  used  as  the  counter  and 
reference  electrode  in  a  frequency  of  100  kHz  to  1  mHz  with  an  AC 
signal  amplitude  of  10  mV  [4,14,15].  The  cyclic  voltammograms 
(CVs)  were  performed  using  the  CHI660D  with  a  scan  rate  of 
5  mV  s-1  in  the  three-electrode  mode.  The  anode  electrode,  the 
cathode  electrode  and  the  Ag/AgCl  were  used  as  the  working 
electrode,  the  counter  electrode  and  the  reference  electrode, 
respectively.  SEM  (Hitachi  S-4300N)  was  employed  to  characterize 
the  surface  morphology  of  the  samples.  All  experiments  were 
repeated  twice  and  got  the  similar  results. 

3.  Results  and  discussion 

3.1.  Morphology  analysis 

The  SEM  images  in  Fig.  1(a)  and  (b)  reveal  that  the  stainless  steel 
fiber  felt  is  a  macroporous  3D  scaffold  with  an  average  pore  size  of 
15.7  pm.  This  structure  is  an  ideal  substrate  for  fabrication  of  3D 
electrodes  used  for  the  MFCs  due  to  its  open,  solid  and  highly 
conductive  porous  structure  that  can  not  only  facilitate  electrolyte 
transport  but  also  offer  a  continuous  3D  highly  conductive  surface 
for  nanoparticles  coating.  The  drawback  of  the  SSFF  is  that  the 
biocompatibility  is  not  as  good  as  carbon-base  anode  resulting  in 
limitation  of  bacterial  colonization  on  the  surface  of  fibers.  To  solve 
this  problem,  carbon  nanoparticles  were  used  to  modify  the  SSFF 
aiming  at  improving  the  biocompatibility  and  decreasing  its  over¬ 
potential  as  well  as  increasing  the  specific  surface  area  accessible 
for  the  bacteria  colonization.  As  shown  in  Fig.  1(d),  (f)  and  (h), 
compared  with  the  unmodified  SSFF  Fig.  1(b),  the  graphene,  carbon 
nanotube  and  activated  carbon  modified  SSFFs  make  the  fiber 
surfaces  become  rough  and  micro-structuralized.  Fig.  1(h)  displays 
SSFF  coated  with  carboxyl  graphene,  as  one  can  see  from  this  figure, 
it  has  a  thin  wrinkled  and  crumpled  structure.  These  changes  have 
increased  the  biocompatibility  and  the  specific  surface  area  that 
could  enhance  the  interaction  between  the  biofilm  and  electrode. 
Moreover,  as  illustrated  in  Fig.  1(c),  (e)  and  (g),  the  conductive 
coating  accords  with  the  felt  morphology  without  changing  its 
open  porous  structure,  so  the  macropore  of  the  resulting  electrode 
could  allow  bacteria  colonization  in  the  inner  structure  of  the  3D 
electrode,  and  thus  increase  anode  reactive  surface  area. 

3.2.  Power  curve 

To  investigate  the  full-cell  performance  of  the  carbon  nano¬ 
particles  modified  electrodes,  four  MFC  reactors  (SSFF-MFC,  AC- 
MFC,  CNT-MFC  and  GN-MFC)  were  run  in  parallel  with  the  same 
inoculum  but  different  modified  anodes  for  three  months. 


As  shown  in  Fig.  2,  MFCs  with  the  GN/SSFF,  CNT/SSFF,  AC/SSFF  as  the 
anodes  reached  a  stable  maximum  voltage  of  650  ±  10  mV, 
620  ±  8  mV,  and  580  ±  10  mV,  respectively,  after  2-3  days  oper¬ 
ation.  These  values  are  about  25  times  larger  than  that  of  the  un¬ 
modified  SSFF-MFC  whose  maximum  voltage  is  only  25  ±  4  mV. 
Actually,  it  seems  that  unmodified  SSFF-MFC  simply  did  not  work. 
The  reasons  are  many,  but  the  following  are  among  of  the  most 
important.  As  we  have  pointed  out  above,  the  stainless  steel  is  less 
efficient  for  interfacial  electron  transfer,  thus  it  requires  a  large 
overpotential  [12].  Pocaznoi’s  experimental  results  showed  that 
although  the  microbial  anodes  formed  on  stainless  steel  gave  a 
higher  current  than  those  formed  on  flat  graphite,  but  the  stainless 
steel  was  revealed  to  be  not  able  to  ensure  electron  transfer  that 
was  as  fast  as  that  of  graphite  or  carbon  cloth.  Furthermore,  the 
stainless  steel’s  biocompatibility  is  not  as  good  as  that  of  the 
carbon-based  electrodes.  Thus,  the  number  of  bacteria  growing  on 
the  fibers  is  limited  and  the  reactive  area  of  SSFF  is  small.  All  these 
will  result  in  a  low  electron  transfer  rate.  The  carbon  nanoparticles 
modified  electrodes  offered  a  desirable  integration  of  the  low 
overpotential,  the  biocompatible  surface  and  the  high  reactivity, 
and  these  desirable  characteristics  make  the  charge  transfer  at  the 
interface  become  easier.  The  micro  and  mesoporosity  of  the  carbon 
nanoparticles  provides  the  large  reactive  surface  area  and  the 
macroporosity  of  the  SSFF  guarantees  the  bacteria  accessible  to  the 
inner  fibers’  surface.  The  combination  of  the  carbon  nanoparticles 
and  the  SSFF  produces  the  good  performance  of  the  MFC.  The 
graphene  modification  exhibited  a  more  beneficial  effect  on  the 
MFC  performance  than  carbon  nanotube  and  activated  carbon.  It  is 
most  likely  due  to  graphene’s  superior  properties,  such  as  its  large 
specific  surface  area  and  thin  wrinkled  and  crumpled  structure. 

The  polarization  curves  and  power  density  curves  are  illustrated 
in  Fig.  3.  From  this  figure,  one  can  see  that  the  power  generation  of 
the  GN-MFC,  the  CNT-MFC  and  the  AC-MFC  is  much  greater  than 
that  of  the  SSFF-MFC.  To  be  specific,  the  maximum  power  density  of 
the  GN-MFC  is  2142  mW  m-2  at  a  current  density  of  6.1  A  m-2  and  a 
cell  voltage  of  373  mV,  while  the  CNT-MFC  achieves  its  maximum 
power  density  of  1280  mW  nrT2  at  the  current  density  of 
3.76  A  m"2,  and  the  maximum  power  density  of  the  AC-MFC  is 
560  mW  m~2  at  the  current  density  of  1.47  A  m-2.  However,  the 
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Fig.  3.  Polarization  curves  of  the  four  types  of  MFCs.  The  inset  is  the  enlarged  polar¬ 
ization  curves  of  the  SSFF-MFC. 


maximum  power  density  of  SSFF-MFC  is  only  0.8  mW  m-2  at  the 
current  density  of  0.035  A  m-2.  This  may  be  due  to  the  high  over¬ 
potential  and  the  poor  biocompatibility  of  the  SSFF,  as  we  have 
pointed  out  above.  Another  two  MFCs  were  assembled  employing 
carbon  cloth  (CC,  1.8  cm  x  1.8  cm)  and  graphene  modified  CC  (GN/ 
CC,  1.8  cm  x  1.8  cm)  as  anode  respectively.  The  polarization  curves 
were  shown  in  Fig.  S2,  the  unmodified  CC-MFC  obtained  a 
maximum  power  density  of  476  mW  m~2  at  the  current  density  of 
1.11  A  nrT2,  better  than  the  SSFF-MFC.  In  summary,  stainless  steel 
fiber  felt  could  not  be  directly  used  as  anode.  But  after  the  modi¬ 
fication,  the  power  density  of  the  GN-MFC  is  2142  mW  nrT2, 
significantly  higher  than  that  of  the  GN/CC-MFC  which  is  only 
1014  mW  m”2  (Fig.  S2).  Therefore,  the  use  of  durable  metallic 
backbones  combined  with  a  thin  layer  of  carbon  nanoparticles 
could  offer  exciting  opportunities  in  the  advancement  of  MFC 
anode  design.  The  total  internal  resistance  (Rmt)  of  an  MFC  can  be 
obtained  from  the  slope  of  the  linear  part  of  the  polarization  curves, 
as  suggested  by  Yan  et  al.  [14].  The  calculated  total  internal  resis¬ 
tance  of  the  SSFF-MFC  is  983  Q,  while  the  total  internal  resistance  of 
the  GN-MFC,  the  CNT-MFC  and  the  AC-MFC  is  only  89  Cl,  141  Q  and 
345  Q,  respectively.  It  proves  that  the  carbon  nanoparticles  modi¬ 
fied  stainless  steel  fiber  felt  could  greatly  reduce  the  total  internal 
resistance  of  MFCs  due  to  the  increased  anode  reactive  specific  area 
and  electron  transfer  rate. 

3.3.  Electrochemical  analysis 

The  larger  reactive  specific  surface  area  and  higher  electron 
transfer  efficiency  of  the  carbon  nanoparticles  modified  anodes 
enable  the  higher  output  power  density  of  the  MFCs  than  the  un¬ 
modified  SSFF  anode.  To  verify  this,  the  electrochemical  perfor¬ 
mance  of  the  four  type  anodes  is  tested  in  parallel  in  the  MFCs  after 
6  weeks  operation.  Cyclic  voltammograms  are  recorded  at  the 
maximum  of  the  bioelectrocatalytic  activity  after  replenishment  of 
the  medium.  As  showed  in  Fig.  4,  the  in  situ  voltammograms  of  the 
carbon  nanoparticles  modified  anodes  show  larger  current  than 
that  of  the  unmodified  SSFF,  indicating  an  enhanced  electron 
transfer  rate  due  to  the  optimized  structure  of  the  anodes,  espe¬ 
cially  of  the  graphene  modified  electrode  which  benefits  from  the 
graphene’s  property.  The  CV  curves  of  the  four  anodes  all  show  two 


Fig.  4.  The  cyclic  voltammograms  of  the  unmodified  SSFF  and  carbon  nanoparticles 
modified  SSFFs  as  anodes  in  the  MFCs  at  the  scan  rate  of  5  mV  s_1. 


couples  of  the  redox  peaks.  The  right  pairs  were  believed  to  origi¬ 
nate  from  the  electrochemical  activity  of  the  stainless  steel  itself 
because  it  is  also  observed  in  the  PBS-MFC  that  using  the  unmod¬ 
ified  SSFF  as  the  anode  and  the  anolyte  only  contains  the  phosphate 
buffer  solution  without  bacteria  (Fig.  4).  So  they  should  not  be 
related  to  the  electron  transfer  from  the  bacteria  because  the 
midpoint  potential  of  these  redox  peaks  is  greater  than  0  V  and 
much  higher  than  the  reaction  potential  of  our  MFC  anodes  which 
is  significantly  smaller  than  0  V  [15].  The  left  pairs  of  CV  curves  in 
Fig.  4  are  identified  as  biofilm  redox  characteristic.  A  peak  current  of 
7.83  A  m~2  at  -0.16  V  in  the  oxidation  scan  and  a  peak  current 
of  -3.69  A  nrT2  at  -0.45  V  in  the  reduction  scan  are  clearly 
observed  at  the  GN-SSFF.  Compared  with  the  GN-SSFF,  the  other 
three  electrodes  (the  SSFF,  the  AC-SSFF  and  the  CNT-SSFF)  exhibit 
comparatively  smaller  redox  peaks.  This  may  be  contributed  to  the 
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Fig.  5.  EISs  of  the  SSFF-,  AC-,  CNT-,  and  GN-MFC  under  working  cell  conditions  using 
two-electrode  mode.  The  inset  is  the  enlarged  EIS  curves. 
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increased  biofilm  loading  and  the  enhanced  electron  transfer  effi¬ 
ciency  resulted  from  the  excellent  properties  of  the  graphene. 

To  understand  the  influence  of  the  carbon  nanoparticles  modi¬ 
fied  anodes  on  the  total  resistance  of  the  MFCs  better,  two- 
electrode  mode  EIS  experiments  are  conducted  for  all  the  MFCs 
under  working  cell  condition  (Rex t  =  1000  Q).  After  the  steady-state 
current  generation  achieved,  and  the  Nyquist  plots  are  obtained 
and  shown  in  Fig.  5.  Impedance  studies  of  MFCs’  whole  resistance 
with  different  anodes  often  use  a  two  time-constant  model  for 
resistance  estimation  [3,4,16].  In  our  experiments,  inductive 
behavior  was  observed  at  high-frequency  for  all  the  SSFF  based 
MFCs,  but  it  did  not  appear  in  carbon  cloth  based  MFCs  [9].  This 
maybe  attribute  to  metallic  components  and  the  porosity  of  the 
electrodes  17-19].  So  the  equivalent  circuit  LR^(R2Q)(^3Q  is  used 
here,  calculate  the  MFCs’  total  resistance ,  in  which  L  represents  the 
inductance,  R\  represents  the  ohmic  resistance,  and  R2  the  charge 
transfer  resistance,  R3  and  C  in  parallel  represent  the  finite  diffusion 
[3,4,16].  By  fitting  the  data  of  the  Nyquist  plots,  the  estimated  total 
resistance  of  the  GN-MFC,  the  CNT-MFC  and  the  AC-MFC  is  84.2  Cl, 
136.7  Q,  and  285.8  Q,  respectively,  which  are  all  much  smaller  than 
that  of  the  SSFF-MFC  whose  total  resistance  is  calculated  to  be 
974.5  Q.  The  measured  solution  resistance  Rs  of  the  four  MFCs  is 
about  33  Q.  Therefore,  the  polarization  resistance  of  the  SSFF-MFC 
is  941.5  Cl,  while  that  of  the  GN-MFC,  the  CNT-MFC  and  the  AC-MFC 
is  51.2  Cl,  103.7  Cl  and  252.8  Cl,  respectively.  The  EIS  results 
demonstrate  that  carbon  nanoparticles  modified  anodes  can 
greatly  decrease  the  polarization  resistance  and  have  good  elec¬ 
trochemical  kinetics  and  of  course  can  produce  a  higher  power 
output.  It  also  confirms  that  embedding  carbon  nanoparticles  into 
macroporous  metallic  scaffold  is  a  promising  and  effective  method 
for  anode  fabrication.  It  should  also  be  noted  that  the  total  resis¬ 
tance  obtained  from  the  EIS  measurements  is  in  accordance  with 
the  estimation  result  of  the  whole  cell  resistance  using  the  linear 
part  of  the  polarization  curves  as  stated  in  Section  3.2,  which 
confirms  the  reliability  of  the  present  experimental  results  to  some 
extent. 

4.  Conclusion 

A  novel  3D  macroporous  electrode  was  fabricated  by  coating  the 
carbon  nanoparticles  on  3D  stainless  steel  fiber  felts.  The  experi¬ 
mental  results  showed  that  these  modified  electrodes  as  anodes 
greatly  improved  the  performance  of  MFCs.  The  reason  is  that  the 
carbon  nanoparticles  modified  electrodes  offer  a  desirable  inte¬ 
gration  of  the  low  overpotential,  the  biocompatible  surface  and  the 
high  reactivity,  which  makes  the  charge  transfer  at  the  interface 
easier.  GN-MFC  gave  a  much  higher  power  output  than  the  CNT- 
MFC  and  the  AC-MFC,  likely  because  graphene’s  superior  proper¬ 
ties  greatly  enhanced  its  electron  transfer  efficiency.  The  results  of 


the  EIS  measured  resistance  is  in  good  agreement  with  the  esti¬ 
mations  using  the  linear  part  of  the  polarization  curves,  which 
demonstrates  that  carbon  nanoparticles  modified  SSFF  can  greatly 
decrease  the  polarization  resistance  and  shows  good  electro¬ 
chemical  kinetics.  This  study  also  proves  that  the  carbon  nano¬ 
particles  modification  of  the  3D  macroporous  metallic  scaffold  is  a 
promising  and  effective  method  for  the  fabrication  of  high- 
performance  anodes.  However,  metal-based  materials  used  as  the 
MFC  anode  have  a  risk  of  corrosion,  so  further  research  is  required 
and  the  long-term  operation  is  needed  to  confirm  its  practical 
application  effectiveness. 
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